Abstract: This paper presents a novel model-free adaptive fuzzy logic controller (MFAFLC) for vibration control of active suspension systems. The physical constraint of the half-car model is considered so that the parameter's variation and external disturbance which are simultaneously taken into account may provide a realistic framework. The control objective is to deal with the classical conflict between minimizing both the vertical and angular chassis accelerations which increase the ride comfort. On the other side, the dynamic wheel and suspension deflection remain within safety limits to ensure the ride safety. The proposed scheme contains three parts: the first one is, the model-free based intelligent PI controller which overcomes the existing controller's complexity, introduces requisite performances, and reduces the output high order derivative. The second one is the extended state observer (ESO) which is utilized to estimate the model unknown uncertain dynamics. The third one, the adaptive fuzzy logic based fractional order control is used to compensate the ESO estimation error online. The feature of MFAFLC is a quite simple structure and easy to be implemented. The entire closed-loop system stability is proved based on the Lyapunov theory and the Barbalat's Lemma. Finally, to demonstrate the performance of the proposed MFAFLC, the comparison with the classical PID, and intelligent PID is conducted under three different road disturbances.
Introduction
Recently, automobile suspension systems have drawn much attention from both the researchers and the car industry due to their impact on the chassis performance of vehicles. Better vehicle suspension should ever provide adequate comfort, proper handling, and ability to maintain roadholding (Wang et al., 2018a) . Nowadays, to guarantee the ride comfort and driving safety, a significant numbers of automotive suspension models have been developed as well as controller design approaches (Hrovat, 1997 , Savaresi et al., 2010 , Song, J., Niu, Y. and Zou, Y., 2018). Moreover, the suspension systems have an extensive impact on the subjective impression of the car (Sun et al., 2014) . Thus, all the forces between the car body and the surface of the road are pass and are filtered through the suspension systems, hence substantially controlling the comfort and safety of the ride. Among the common current modes of suspension systems, the active suspension system is widely accepted despite its high-power consumption, because the control of this suspension type can effectively improve the suspension performance over both conventional passive and semi-active suspension systems (Cao et al., 2008 , Chen et al., 2015 . Therefore, many control methods are designed to ensure the suspension systems stability and performance enhancement, such as linear quadratic-Gaussian control (Chen et In the active suspension system, the inevitable existence of the model's nonlinearities such as parameter changes and external perturbations may reduce both the ride comfort and safety. To solve this problem, several various control techniques have been proposed. It is well known that the sliding mode control has the ability to deal with uncertain systems. Thus, the sliding mode control is combined with other approaches which are introduced in detail in (Zhao et al., 2015, Moradi and Fekih, 2014) . Moreover, intelligent control approaches such as fuzzy logic control, have confirmed the results of the robust closedloop systems (Demir, O., Keskin, I., and Cetin, S, 2012, Hafaifa, A., Laaouad, F., and Laroussi, K, 2010). A Takagi-Sugeno fuzzy logic based sliding-mode technique (Wen et al., 2017 ) and adaptive fuzzy logic based backstepping control has been implemented for the active suspension system to enhance the riding comfort and keep the riding safety within the safe operating limits (Sun et al., 2018) . The feedback control design is reported in (Li, P., Lam, J., and Cheung, K. C, 2014b, Wang, G., Chen, C. and Yu, S., 2016a, Li, P., Lam, J., and Cheung, K. C., 2014c). In (Li, P., Lam, J., and Cheung, K. C., 2014b), based on cone complementarity linearization algorithm and linear matrix inequality (LMI), the output-feedback signal is used in Control design. In this work, the ride quality is measured with H ∞ norm approach, while the generalized 2 H norm is utilized to deal with the hard constraints on the peak values of some variables. Furthermore, the output-feedback control approach based on the variable substitution and LMI are proposed for the active suspension model with constrained information (Wang, G., Chen, C. and Yu, S., 2016a).
Considering the above mentioned problem, most of the control procedures which have been discussed before might afford the best trajectory tracking for the linearized active suspension system, which requires an accurate model. However, this kind of approaches especially model-based one has various well-known limitations. Furthermore, these strategies need considerable calculations that may prevent them from being executed in real time. Moreover, for the active suspension system, the vehicle sprung, and unsprung masses are varying with the number of vehicle passengers and the payload. Nevertheless, this type of nonlinearities is not considered in the research works (Li, H., Jing, X., and Karimi, H. R., 2014b, Wang, G., Chen, C. and Yu, S., 2016a, Li, P., Lam, J., & Cheung, K. C. , 2014c). As a result in (Li et al., 2013) , if the variations of the vehicle sprung and unsprung masses are not considered in the control-design process, the performance of the vehicle suspension systems will be affected.
In order to enhance the performance tracking and to replace the mathematical model and the uncertainty, a new model-free approach based intelligent proportional-integral-derivative (iPID) has been introduced in (Fliess and Join, 2008 (Wang, 1993) . The whole control strategy presented in this paper refers to the extended state observer (ESO) based on modelfree adaptive fuzzy logic control (MFAFLC).
The advantages of the proposed controller are that the information of the active suspension model is not needed. In this way, the complicated suspension dynamics is avoided thanks to modelfree control (MFC). Another advantage is the robustness towards the external disturbances thanks to the simultaneous application of the adaptive fuzzy logic compensator which makes possible to compensate the ESO estimation error online. Mainly the proposed controller has three components. First, the ESO is utilized to estimate the unknown uncertain dynamics via the knowledge of the active suspension system input and output signals. Second, the modelfree based iPI control is used to overcome the existing controller's complexity, insert required performances, and reduce the high order derivative output. The last one is the continuous adaptive fuzzy logic control based on fraction order control term and it is used to compensate the ESO estimation error in order to guarantee the finite-time convergence and ensure the global stability of the closed-loop system. The results demonstrate that the model-free adaptive fuzzy logic control (MFAFlC) outperforms iPID and proportional-integral-derivative (PID) controllers in ride comfort and ride safety.
The paper is structured into five parts as follows. In Section 2, the problem formulation of the nonlinear half vehicle active suspension system and the system requirements are presented. The detailed design steps of the model-free adaptive fuzzy logic control are conducted and the stability analysis is proved in Section 3. Section 4 presents the simulation results to confirm the performance of MFAFLC controller compared with the iPID, classical PID and passive model. Finally, in Section 5, some concluding remarks and future work are summarized.
Problem Formulation

Nonlinear Half-car Model
In this section, the model of the half-car active suspension is provided in details and illustrated in Figure 1 . This model has been widely used in the prior research due to its symmetry which includes the heave and pitch motions of the car body (Wang, G., Chen, C. and Yu, S., 2016a, Sun et al., 2014). In this figure, M and J stand for the masses of both the car body and moment of inertia for the pitch motion, respectively. 1 t m and 2 t m are the unsprung masses of the front and the rear tires, respectively. 1 z , and 2 z are the displacements of the front, the rear car body, respectively. a stands for the distance between the center of mass and the front axle, b stands for the distance between the center of mass and the rear axle. 
where the forces provided by the spring, the damper and the tire are described as follows:
Model-free Adaptive Fuzzy Logic Control for a Half-car Active Suspension System For the half-vehicle model active suspension form, the state vector is selected as:
The output vector can be expressed as: are the dynamic loads for the front and the rear wheels, respectively.
It is to be noted that with a change in the payload, there will be variation in the vehicle load, and this will correspondingly make a change in the vehicle mass M and the wheels masses 1 
Problem Statement
The following aspects are considered performance requirements of active suspension systems:
Ride comfort:
As it is widely known, the main task of active suspensions control is to design a controller capable of isolating the car body from external disturbances, i.e., minimizing the vertical and the pitch acceleration of the car to ensure the ride comfort.
Suspension space limit:
It could be noticed that the suspension is exposed to induced vibrations on the road. Thus, the maximum dynamic limits of the suspension's equilibrium position should be controlled within as follows:
where
Road holding:
To ensure the ride safety, the wheels must come in contact with the road surface firmly and uninterrupted, while the dynamic wheels' loads should not exceed the static loads as:
4. Actuator saturation: Considering the amplitude saturation which occurs in all the physical devices, the actuator power limit is considered as:
Model-free Adaptive Fuzzy Logic Control
The comprehensive active vehicle suspension system using the MFAFLC is shown in Figure 2 . In this part, the extended state observer (ESO), the model-free based intelligent proportional-integralderivative (iPID), and the model-free adaptive fuzzy logic control (MFAFC) are introduced.
Model-free based Intelligent ProportionalIntegral Control
For a general unknown nonlinear model, the modelfree control is defined as (Fliess and Join, 2013) :
where ( ) y t denotes the output signal, v is the derivative order which is commonly chosed as 1 or 2, (t) ε is an unknown term which is estimated through the control input ( ) u t and output. Furthermore, (t) ε is included the disturbances of the system, when α is an assumed constant.
The control input of iPI is defined as: 
Model-free Adaptive Fuzzy Logic Control
An adaptive fuzzy logic control based on the fractional order is proposed as an additional input to compensate the estimation error and measurement noise. Figure 2 shows the MFAFLC structure.
The new control input of the system is defined as:
where ( ) e u t is an external adaptive fuzzy logic compensator which will be formulated later, then, the new error equation is given below: where ε is the ESO estimation error which is defined as follows:
Now, by defining new state variables such as The state-space equations can be expressed as follows 1 2
The error function is defined as: is and is then is
Then, the fuzzy inference is designed as follows:
1. Using product inference engine for the premise of fuzzy rule, l l f y is the point 1 2 [ , ] x x at which The optimum parameter is set as:
where ψ is the approximation error. Now, substituting equation (21) from equation (24), one has the following relation:
The Lyapunov function is defined as: > , the adaptive law is defined as:
From the above analysis, it can be noticed that fuzzy system approximation error can be overcome by the robust term 2 . Finally, the MFAFLC design ensures the asymptotic stability of the system and makes the tracking error converge to zero in finite time.
Simulation Results and Discussions
In this part, the proposed control scheme is implemented to the half-car active suspension system shown in figure (2) . The performances of MFAFLC are compared with the classical PID, and iPID controllers. Their corresponding numerical results are presented to confirm the effectiveness of the proposed controller.
The parameters of the half-car model are taken from (Wang, G., Chen, C. and Yu, S., 2016a) whose values are presented in Table 1 . With the sprung mass M and the unsprung masses To clarify the advantages of the MFAFLC concerning the ride comfort and ride safety the simulation tests for three different road profiles is conducted below:
Case 1: the classic bump road profile is represented as follows:
Case 2: To test the performance near the system resonance frequency, the sinusoidal road profile is considered as introduced in (Pan et al., 2016) as:
with 02
Case 3: the random profile, in this work class D road profile is selected; equation (21) represents the random road input as (Li, H., Jing, X., and Karimi, H. R., 2014a): Figure 7 illustrates the random road input.
The Bump Road Results and Discussions
The dynamic responses of the car vertical and angular accelerations, using passive model, classical PID, iPID and MFAFFC controllers are shown in Figures 3 and 4 , while the front and the rear responses of the suspension deflections, the dynamic wheel loads, and inputs force using the proposed method are shown in Figures 5-7 .
Model-free Adaptive Fuzzy Logic Control for a Half-car Active Suspension System Table 1 Figures 3 and 4 show the vertical and the angular body acceleration responses; it is clearly noticed that the MFAFLC has lower amplitude and smaller settling time response in comparison with others controllers, which implies that the proposed method achieves significantly better performance on ride comfort over the others controllers. The suspension deflections measured in Meters, the dynamic wheels load ratios and the force inputs responses measured in Newtons are shown in Figures 5-7 , respectively. Also, from these figures it can be noticed that all the achieved results have values which are lower than the permissible limits as mentioned above in the suspension performances requirements. 
The Sinusoidal Road Profile
For a vehicle which passes over the sinusoidal road excitation, the dynamic responses of vertical and angular accelerations, using passive model, classical PID, iPID and MFAFFC controllers are shown in Figures 8-9 . Numerically, the maximum values of body angular acceleration are 0.5478 rad/sec 2 with proposed MFAFLC controller, 0.862 rad/sec 2 with iPID, 1.4373 rad/sec 2 with PID, and 1.7193 rad/sec 2 with passive system. Furthermore, the MFAFLC diminishes the overshoot value of the vertical body acceleration by 61.1% in comparison with the passive system, while reaching 54.23% and 33.15% with respect to PID and iPID. It can be remarked that the amplitude of the body vertical and angular accelerations diminishes much faster in the proposed controller when compared with the other controllers; this will ensure much better ride comfort. Figures 10-12 show the dynamic responses of the suspension deflections, the dynamic wheel's load ratios, and the force inputs, respectively. From these figures it can be noticed that from these figures, all the obtained results have values which are smaller than the permissible boundaries as mentioned above in the suspension performances' conditions. 
The Random Road Results and Discussions
To improve the quality of the ride, it is important to separate the car body from road excitements and to reduce the peak resonance of the vehicle body mass close to 1 Hz which has been identified to be a sensitive response to the human body (Metered, H., Bonello, P., and Oyadiji, S., 2010, Shehata, A., Metered, H., and Oraby, W. A., 2015). In Figures  13-14 The results of the present analysis confirm that the MFAFLC strategy gives significant performance enhancements for the comfort of the ride and also for the ride safety. The proposed controller achieved a good result which keeps the boundaries of the dynamic responses of the suspension deflections, the dynamic wheel's load, and the force inputs for all the road profiles are taken into consideration.
Conclusion and Future Work
In this paper, the robust model-free adaptive fuzzy logic control based on the fractional order and the extended state observer for half-car active suspension systems meant to enhance the ride comfort and keep acceptable boundaries for the suspensions deflections, the dynamic wheels loads, and input forces are presented. The model with parameter variation and three types of road profiles have been considered in this work. To confirm the advantage of the proposed controller the simulation results were analyzed and compared with iPID and classical PID controllers.
It can be concluded that the proposed controller improved the riding comfort when compared with other approaches and kept acceptable limitations for the suspension deflections, the road holding and actuator saturation. Moreover, experimental verification of the model-free adaptive fuzzy logic control could be considered an immersive starting point in future work. 
